Background. CD44 is a molecular marker associated with cancer stem cell populations and treatment resistance in glioma. More effective therapies will result from approaches aimed at targeting glioma cells high in CD44. Methods. Glioma-initiating cell lines were derived from fresh surgical glioblastoma samples. Expression of tissue transglutaminase 2 (TGM2) was attenuated through lentivirus-mediated short hairpin RNA knockdown. MTT assay [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was used to evaluate the growth inhibition induced by TGM2 inhibitor. Terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling was used to evaluate cell apoptosis following TGM2 inhibition. CD44
D
espite progress in the study of the molecular aspects of malignant gliomas, the prognosis for these brain tumors, especially glioblastoma multiforme (GBM), continues to be dismal. 1 GBM is associated with high mortality due to its aggressive growth and invasiveness. Interactions and functional cross-talk between tumor cells and their microenvironments are mediated by cell surface receptors that are responsible for cellcell and cell -extracellular matrix (ECM) adhesion. 2 Tissue transglutaminase (TGM2) is a unique multifunctional protein that, in addition to catalyzing calciumdependent posttranslational modification of proteins in the ECM, can also catalyze calcium-independent protein disulfide isomerase, guanosine triphosphate/ ATP hydrolase, and serine/threonine kinase functions. 3, 4 TGM2 is essential for integrin-mediated survival of bone marrow -derived mesenchymal stem cells.
5 TGM2 expression is also elevated in multiple cancer cell types and is associated with poor drug response, increased metastatic potential, and poor patient survival. 6 -10 Recent studies have shown that TGM2 expression in epithelial cancer cells results in constitutive activation of cell growth and cell survival signaling pathways, transdifferentiation into mesenchymal cells, and acquisition of stem cell traits. 11 -13 Conversely, inhibition of TGM2 by smallmolecule inhibitors or antisense, ribozyme, or small interfering RNAs inhibited tumor cell growth and invasiveness and rendered cancer cells sensitive to chemotherapy both in vitro and in animal models. 14, 15 The observation of increased TGM2 expression in glioblastomas has kindled great interest in understanding the contributions of this protein in glioma. 16 ECM proteins, such as collagen, fibronectin (Fn), and laminin, are key structural components of the perivascular niche and regulate normal/tumor stem cell maintenance and migration. 17 Some studies have demonstrated that disrupting the interaction between integrin and laminin impairs cancer stem cell maintenance and tumor initiation. 17, 18 TGM2 has been identified as an important factor that interacts with Fn in the ECM and integrins at the cell membrane, while abrogation of TGM2 activity disrupts Fn assembly in the ECM in glioma tissues. 19 These findings underscore the potential role of ECM-integrin signaling on glioma cells and suggest that targeting TGM2 might be of great value in the treatment of glioma.
Cluster of differentiation (CD) 44 is a transmembrane glycoprotein expressed in glioma and serves as a surface receptor for components of the ECM such as hyaluronic acid.
2 CD44 plays a critical role in efficient cell detachment from the hyaluronic acid substrate and promotes glioma cell migration. 20, 21 CD44 expression levels correlate with the histopathologic grade of gliomas. 22 Recently, CD44 has been extensively used as a surface marker for isolating cancer stem cells from breast, prostate, pancreas, colorectal cancers, and glioma. 23 -26 In this study, we found that glioma-initiating cell lines high in CD44 express high levels of TGM2. Furthermore, TGM2 inhibition attenuates expression of inhibitor of DNA binding 1 protein (ID1) and suppresses cell proliferation in CD44-high glioma-initiating cell lines. These results may suggest that inhibition of TGM2 activity might be an effective strategy to combat CD44-high glioblastomas.
Materials and Methods

Reagents
The following were purchased: antibodies to phosphorylated (p)Akt (Ser473)/Akt and CD44 (Cell Signaling Technology); fluorescein isothiocyanate (FITC)-conjugated CD44 antibody (BD Biosciences); anti-TGM2 monoclonal antibody (Millipore); monoclonal antibody to b-actin and ID1 (Santa Cruz Biotechnology); horseradish peroxidase -conjugated goat anti-rabbit or antimouse antibodies (Bio-Rad); Dulbecco's modified Eagle's medium (DMEM)/F12, antibiotics, B27, epidermal growth factor (EGF), and basic fibroblast growth factor (bFGF) (Invitrogen); and monodansylcadaverine (MDC) and biotinylated cadaverine (Sigma Chemical).
Tumor Specimens and Glioma-Initiating Cell Culture
Eight primary glioblastoma specimens were obtained freshly from the operating room following protocols approved by the research ethics committee in the Cancer Center of Sun Yat-Sen University with informed consent obtained from all subjects. Glioma-initiating cell lines were isolated and subsequently cultured in tumorsphere medium as reported by Lee et al. 27 Briefly, tumor samples were processed within 30 min after surgical resection. Minced pieces of human glioma samples were digested with 200 U/mL collagenase IV (Sigma) and 500 U/mL DNase I (Sigma) in phosphate buffered saline (PBS) for 2 h at 378C with constant vigorous agitation. Single-cell suspension was filtered through a 70-mm cell strainer (BD Falcon) and washed with PBS. Glioma cells were resuspended and subsequently sphere cultured in tumorsphere medium. The tumorsphere medium consisted of DMEM/F12 supplemented with B27 (Gibco), L-glutamine (Gibco), penicillin/streptomycin, and growth factors (20 ng/mL EGF and 20 ng/mL bFGF). Normal mouse neural stem cells (mNSCs) were isolated from mouse embryonic cerebral cortex tissue (E12.5) and cultured as described previously. 28 
Lentiviral Construction and Transduction
Lentiviruses encoding short hairpin (sh)RNAs silencing TGM2 along with control scramble were purchased from Santa Cruz Biotechnology. ShRNA sequence silencing ID1 was reported previously. 27 OmicsLink lentiviral ORF (open reading frame) expression clones for the TGM2 or ID1 gene were constructed by Genecopoeia. A site-directed mutation TGM2 inactive mutant (C277S) was created using the Quikchange Mutagenesis Kit (Agilent). Lentiviral particles were produced by transient cotransfection of packaging plasmids into the Lenti-Pac 293Ta cell line. Produced lentiviruses were concentrated by using a Centricon Plus-20 centrifugal filter device (Millipore). 29 To ensure that the same number of lentiviruses were used in the same experiment, produced lentiviral stock was titered and stored at 2808C. For in vitro infection of cells with the lentivirus, cultured neurospheres were disaggregated prior to infection in order to increase infection efficiency and uniformity.
Cell Sorting and Tumorsphere Formation Assay
CD44
+ glioma stem cells were sorted as described previously. 25 Tumorspheres were dissociated and individual cells were incubated for 15 min in blocking solution containing 10 mg/mL human immunoglobulin (Ig)G, followed by anti-CD44 antibody or the control IgG2b isotype, both FITC conjugated (BD Pharmingen). Cells were incubated for 20 min on ice protected from light and washed in PBS. Cells were then sorted (MoFlo, Dako) after staining with CD44-FITC or analyzed by flow cytometry (FACSCalibur, Becton Dickinson). Tumorsphere formation assay on CD44 + /CD44
2 cell population was performed as described previously. 25 
Western Blot Analysis
Cell lysates were prepared with cell lysis buffer containing 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and protease inhibitor cocktail. After standard SDS -polyacrylamide gel electrophoresis and Western blotting procedures, proteins were visualized using an electrochemiluminescence system (Amersham Biosciences). Antibodies against TGM2, ID1, pAkt, Akt, and CD44 were used at 1:1000 dilution. Anti -b-actin was used at 1:5000 dilution. Blotting band intensities were quantitated densitometrically using ImageJ 1.37v software (National Institutes of Health).
Immunofluorescence Staining
Cells were cultured on glass coverslips precoated with polylysine in 6-well plates, rinsed thrice with PBS, fixed with 3.7% paraformaldehyde for 15 min, and blocked with 5% normal goat serum for 1 h. The cells were immunostained by using primary antibodies specific to various antigens. Goat anti-mouse IgG Alexa 488 or goat anti-rabbit IgG Alexa 546 was used as the secondary antibody. The stained coverslips were mounted on glass microscope slides in anti-fade Prolong mounting medium (Invitrogen). Images were taken under a Zeiss AxioCam fluorescence microscope using Zeiss AxioVision software. The percentage of CD44 or active caspase-3 -positive cells in each section was determined at a magnification of 400× by counting 500 cells in a randomly selected field.
TUNEL Assay
We also determined the level of apoptosis using the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) method. For the TGM2 knockdown experiment, apoptotic cells were evaluated 5 days after shRNA lentivirus infection. For drug treatment, cells were treated with MDC at the indicated doses for 48 h. Thereafter, cells were fixed with 4% paraformaldehyde and then permeabilized with 0.1% Triton-X 100 in PBS. After being washed, cells were incubated with reaction mixture for 60 min at 378C. Stained cells were mounted and analyzed under a fluorescent microscope (Zeiss). The percentage of cells identified by TUNEL in each section was determined at a magnification of 400× by counting 500 cells in a randomly selected field.
Cell Viability Assay
The antiproliferation effect of MDC on glioma cells was determined by using an MTT assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] . Briefly, 3 × 10 3 cells were plated in 100 mL of medium in 96-well microtiter plates precoated with polylysine and incubated for 24 h. Drugs were added and the cells were incubated for a further 3 days. MTT solution (20 mL) was added to each well, followed by incubation at 378C for 2 h. Absorbance was then read at 570 nm with a 96-well plate reader. The viability of untreated cells was regarded as 100%. The concentration that caused 50% growth inhibition (GI 50 ) was calculated using SPSS 10.0 statistical software. To determine the effect of TGM2 or ID1 knockdown on cell proliferation, cells were infected with scramble or shRNA-targeting lentivirus for 48 h, then dissociated into single cells and plated onto 6-well plates (1 × 10 4 cells/well) and incubated for 7 days. The formed tumorspheres were dissociated into single cells, and the viable cells in each group were counted with a hemocytometer using 0.2% trypan blue exclusion.
In situ Transglutaminase Activity
In situ transglutaminase activity was measured by the incorporation of biotinylated cadaverine into Fn. 7, 8 For this assay, 2 × 10 5 cells/mL were plated onto 96-well plates precoated with plasma Fn in 100 mL complete DMEM without serum in the presence of 0.1 mM biotinylated cadaverine. As a negative control, Fn-coated 96-well plates were incubated with 100 mL serum-free DMEM containing 0.1 mM biotinylated cadaverine alone. Cells were allowed to incubate for 1 h at 378C and then were washed twice with PBS, pH 7.4, containing 3 mM EDTA in order to stop the reaction. A detergent solution (100 mL) consisting of 0.1% (weight/volume [w/v]) deoxycholate in PBS, pH 7.4, containing 3 mM EDTA was then added to each well, and the mixture was incubated with gentle shaking for 20 min. The supernatant was discarded and the remaining Fn layer washed 3 times with Tris-HCl, pH 7.4. Wells were then blocked with 3% (w/v) bovine serum albumin in Tris-HCl buffer for 30 min at 378C and washed with buffer, and then incorporated biotinylated cadaverine was revealed with a 1:5000 dilution of ExtrAvidin peroxidase conjugate (Sigma), which was incubated for 1 h at 378C using 3,3 ′ ,5,5 ′ -tetramethylbenzidine as a substrate. Color development was stopped by adding 50 mL stop solution to each well. The resulting color was then read in an ELISA plate reader at 450 nm.
TGM2 enzyme activity was measured using a microscopic assay as previously described. 30 Briefly, TGM2 activity was assessed by exposing mouse brain sections to 1 mM biotinylated cadaverine for 48 h. Sections were then fixed for 30 min in 3.7% (volume/volume [v/v]) formaldehyde in PBS and permeabilized with 0.2% (v/v) Triton X-100 in PBS for 30 min at room temperature. Sections were further incubated with an Alexa Fluor 488 streptavidin conjugate (1:1000, v/v) in PBS for 1 h at room temperature, washed, and mounted. The sections were observed under a fluorescent microscope (BX51, Olympus). TGM2 activity was seen as increased fluorescence labeling and quantified by ImageJ analysis software.
Immunohistochemistry
Immunohistochemical staining was performed as described previously. 9 Briefly, frozen tissue sections were fixed with 4% paraformaldehyde, incubated with primary antibodies overnight at 48C, and then incubated for 30 min each with horseradish peroxidase-labeled secondary antibody. Antigen/antibody reactions were detected by exposure to 3,3-diaminobenzidine and hydrogen peroxide chromogen substrate (Dako). Slides were counterstained with hematoxylin and mounted. The negative controls were incubated with nonimmune mouse IgG in place of the primary antibody. The immunostained slides were examined under a light microscope and scored by a double-blinded pathologist and laboratory researcher.
Animal Studies
Immunocompromised nude mice were obtained from the breeding facility at the animal center of Sun Yat-Sen University. All animal studies were performed in accordance with institutional ethical guidelines for experimental animal care. For subcutaneous (s.c.) xenograft study, 5 × 10 5 cells (0814) were inoculated into the flanks of nude mice, and tumors were allowed to establish for 10 days before initiation of treatments. Mice were injected intraperitoneally (i.p.) daily with either PBS or MDC (10 or 25 mg/kg/d) for 10 days. After drug treatment (day 21), tumors were removed and weighed to determine size.
For survival analysis, 1 × 10 5 cells (0814) were injected stereotactically into 4-week-old nude mouse cortex, following administration of general anesthesia. The injection coordinates were 3 mm to the left of the midline, 2 mm anterior to the lambdoid suture, and 3 mm deep. The incision was closed with wound clips, which were removed 4 days after inoculation. Animals that died, lost weight, or developed neurologic deficits within 24 h of cell injection were excluded. Drug treatment was started 5 days after inoculation. Mice were injected i.p. daily with either PBS or MDC (10 or 25 mg/kg/d) for 2 weeks. The animals were monitored daily until signs of neurologic deficit developed, at which time they were euthanized and their brains were removed.
For histopathologic analysis, the mouse brains or s.c. xenografts embedded in optimal cutting temperature compound were stored in liquid nitrogen overnight and then sectioned at 5-mm thickness on a MicromHM200 cryotome (Eryostar). Sections stained with hematoxylin and eosin (H&E) were evaluated for evidence of tumor.
The Cancer Genome Atlas Data Analysis
Array comparative genomic hybridization and mRNA and gene mutation data from GBM patients were downloaded from The Cancer Genome Atlas (TCGA) data portal (http://cancergenome.nih.gov/dataportal). Details on data processing and platforms are in the publication describing the GBM data analysis. 31 
Statistical Analysis
Statistical evaluations were carried out using SPSS 10.0 software. Error bars throughout the figures in this paper indicate standard deviation (SD). Student's t-test was used to compare means of 2 groups. A 1-way ANOVA was used to compare means of 3 or more groups. Kaplan-Meier curves of overall survival were drawn, and survival in the groups was compared using the log-rank test. For all tests, the level of statistical significance was P , .05. All statistical tests were 2-sided.
Results
TGM2 Is Highly Expressed in CD44-high GBM and Tumor-derived Glioma-initiating Cells TCGA GBM profiling revealed that CD44 mRNA expression is significantly correlated with TGM2 expression (Pearson's r ¼ 0.324, P , .001; Fig. 1A) . Furthermore, higher TGM2 expression was consistent with higher CD44 expression in mesenchymal molecular subclasses (Fig. 1B) . TGM2 expression was higher in some primary GBM tissues (0508) but not in normal brain tissues (Supplementary Fig. S1A ). TGM2 immunoreactivity was also seen in CD44 + glioma cells in 0814 primary tumor sections (Fig. 1C) . We established 8 glioma-initiating cell lines from surgical samples. Stem cell markers such as CD133 and CD44 were differentially expressed in these glioma-initiating cell lines ( Supplementary Fig. S1B ). Orthotopic transplantation of a small number of glioma-initiating cells into mice brains formed tumors (Supplementary Fig. S1C ). Glioma-initiating cells grew as tumorspheres and expressed NSC markers nestin and Sox2 but showed only low expression for differentiation markers glial fibrillary acidic protein (GFAP) and neuron-specific class III betatubulin (TuJ1; Supplementary Fig. S2A, S2B ). To better establish the correlation between CD44 and TGM2 in these cell lines, we evaluated the expression of CD44 and TGM2 in mNSCs and 8 glioma-initiating cell lines. Western blotting analysis showed that TGM2 protein expression was higher in all 4 CD44-high cell lines compared with mNSCs and 4 CD44-low cell lines (Fig. 1D) . Therefore, TGM2 might exert an important function in CD44-high glioma-initiating cell lines.
TGM2 Regulates the Cell Proliferation in CD44-high Glioma-initiating Cell Lines
To interrogate the role of TGM2 in the regulation of cell proliferation in glioma-initiating cells, we targeted TGM2 expression by infection with lentivirus expressing shRNA specific to TGM2. The 2 shRNAs efficiently reduced TGM2 expression in both 0508 and 0814 cell lines compared with the control or scramble shRNA group (Fig. 2A) . Consequently, TGM2 knockdown significantly suppressed cell proliferation in 0814 and 0508 cell lines, accompanied with less and smaller tumorsphere formation ( Fig. 2B and C) . Furthermore, TUNEL assays showed that TGM2 knockdown markedly induced apoptosis in both 0814 and 0508 cell lines compared with scramble controls (P , .01; Fig. 2D ). We also examined CD44 expression in glioma cell lines following TGM2 knockdown. Our results indicated that 0814 and 0508 cell lines both exhibited high CD44 positivity (.80%). TGM2 knockdown considerably reduced the percentage of CD44
+ cells in both cell lines compared with the shRNA scramble group (Fig. 2E and F) . Therefore, TGM2 knockdown might regulate proliferation in CD44-high glioma-initiating cell lines.
TGM2 Regulates ID1 Expression in CD44-high Glioma-initiating Cell Lines
ID1 is a critical transcriptional factor closely linked to tumorigenesis as well as cell proliferation and survival.
32
ID1 promotes cell proliferation and cell cycle progression through activation of growth-promoting pathways in certain cancer cells. 33, 34 Here we showed that TGM2-high glioma-initiating cell lines exhibited higher ID1 levels (Fig. 3A) . TGM2 depletion (hereafter we used sh-1 shRNA for TGM2 knockdown) in 0814, 0508, and 0225 cell lines decreased ID1 levels compared with scramble control (Fig. 3B) . In order to confirm TGM2 regulation on ID1 expression, we constitutively expressed TGM2 or its inactive mutant (C277S) in the 0612, 0816, and 0702 cell lines with low TGM2 expression. Wild-type TGM2, rather than the C277S mutant or green fluorescent protein (GFP) control, markedly increased ID1 expression (Fig. 3C) . Importantly, TGM2 might regulate ID1 expression through activating the phosphoinositide-3 kinase (PI3K)/Akt pathway, as blocking the PI3K/Akt pathway by Ly294002 attenuated the TGM2 effect on ID1 expression in the 0702 and 0816 cell lines (Fig. 3D) . Moreover, ID1 knockdown suppressed the cell proliferation of the 0814, 0508, and 0225 cell lines, suggesting that ID1 might mediate TGM2 signals to maintain cell proliferation (Fig. 3E) . Our data also indicated that ID1 overexpression rescued cell proliferation following TGM2 knockdown in the 0814 and 0508 cell lines (Fig. 3F and G) . Therefore, TGM2 might regulate ID1-mediated cell proliferation in CD44-high glioma-initiating cell lines.
TGM2 is Highly Expressed in the CD44
+ Glioma Stem Cell Population CD44 is a cell surface marker associated with cancer stem cell populations in glioma. 25 Our immunostaining results showed that TGM2 was highly expressed in CD44 + glioma cells (Fig. 4A) . Flow cytometry analysis confirmed the high CD44 expression in a sorted CD44 + glioma cell population (Fig. 4B) . The sorted CD44
+ glioma cell fractions met cancer stem cell criteria because they were highly self-renewable and tumorigenic ( Fig. 4C and D) . CD44
+ glioma stem cells can differentiate into neural lineage cells with increased expression of glial fibrillary acidic protein, TuJ1, and 2-3-cyclic nucleotide 3-phosphodiesterase after induction with neural differentiation agents (Supplementary Fig. S2C ). Importantly, we observed high expression of TGM2 and ID1 in CD44 + glioma stem cells sorted from 0814, 0508, and 0318 cell lines (Fig. 4E) . TGM2 knockdown led to reduction of ID1 expression in CD44 + glioma stem cell fractions (Fig. 4F) . Furthermore, loss of TGM2 expression led to significant growth inhibition and induction of apoptosis in CD44
+ glioma stem cells ( Fig. 4G and H) .
TGM2 Inhibition by MDC Reduces ID1 Expression and Suppresses Cell Proliferation in CD44-high Glioma-initiating Cells
MDC, a primary alkyl amine with a fluorescent dansyl group attached at the end, has been used in a number of studies as a TGM2 inhibitor. 35 We measured the TGM2 activity in 0814 cells with the in situ cadaverine incorporation assay. The findings showed that increasing doses of MDC decreased TGM2 activity in 0814 cells (Fig. 5A) . Consistently, Western blotting of 0814 and 0508 cells treated with escalating doses of MDC showed attenuated TGM2 activity, accompanied by reduced pAkt and ID1 levels (Fig. 5B) . Glioma-initiating cell lines treated with MDC were also assessed for growth inhibition with the MTT assay. MDC treatment significantly suppressed cell proliferation in a dose-dependent manner (Fig. 5C ). The calculated GI 50 for CD44-high glioma cell lines was significantly lower than that for glioma stem cells with low CD44 levels (P , .05; Fig. 5D ). MDC displayed mild cytotoxicity on normal NSCs in the tested dose range, suggesting that TGM2 inhibition might be selective on CD44-high glioma cell lines rather than on normal NSCs. Furthermore, MDC also attenuated clonogenesis in vitro and induced apoptosis in CD44-high glioma cell lines (Fig. S3A, Fig. 5E ). We also did a rescue experiment to observe the effect of overexpression of TGM2 on 4) . (F and G) Constitutive ID1 expression restores the cell proliferation inhibited by TGM2 knockdown. Lentivirus containing shRNA targeting TGM2 alone or expressing ID1 was used to infect glioma cells. Data were calculated as percentage to scramble shRNA control. *P , .05 compared with scramble shRNA control (n ¼ 4). **P , .05 compared with TGM2 shRNA alone (n ¼ 4). Fu et al.: Targeting TGM2 in CD44-high gliomas MDC-induced growth inhibition. We showed that overexpression of TGM2 partially reversed the antiproliferation effect induced by MDC treatment (Fig. S3C,  Fig. 5F ). MDC treatment also exhibited a differential effect on CD44 + and CD44 2 glioma cell fractions, with CD44 + glioma stem cells more sensitive to MDC treatment than CD44 2 glioma cells (Fig. 5G) . Therefore, targeting TGM2 might be an effective strategy to eliminate glioma cell lines/glioma cells with high CD44 expression. (H) TGM2 knockdown induces apoptosis in CD44 + glioma stem cells. *P , .05 compared with scramble control (n ¼ 4). (Fig. 6A) . The tumor weights in 2 MDC-treated groups were significantly lower than that in the PBS-treated group (P , .05). H&E staining revealed several areas of severe necrosis scattered within the tumor following MDC treatment compared with PBS control (Fig. 6B ). TGM2 inhibition also decreased the percentage of CD44 + glioma cells, as shown by immunostaining on cryosections (Fig. 6B ).
TGM2 Inhibitor Prolongs Survival Time in an Orthotopic Mouse Xenograft Model
We next evaluated the antitumor effect of MDC in the i.c. xenograft model. The animals were treated with MDC (10 or 25 mg/kg) after inoculation of 0814 glioma cells (n ¼ 13). The primary endpoint was to evaluate animal survival (n ¼ 10). In addition, we examined the effects of TGM2 inhibition in vivo in the context of MDC treatment (n ¼ 3). The median duration of survival of the control mice (PBS-treated) was 31 days (95% confidence interval [CI] ¼ 28.5 -33.4 d). The median duration of survival for animals treated with MDC 10 mg/kg was 46 days (95% CI ¼ 44.7 -47.2 d). Importantly, in the group of animals treated with MDC 25 mg/kg, 60% of the animals survived .50 days (P , .01; Fig. 6C ). Next, we investigated whether ID1 was reduced by the effect of the drug in vivo. For this purpose, tumor-bearing mice from each group (n ¼ 3) were sacrificed 15 days after treatment started. Xenografts treated with MDC 25 mg/kg showed decreased TGM2 activity (Fig. 6D) . CD44, Ki67, and ID1 expression in the tumors was also decreased after MDC treatment (Fig. 6E) . Importantly, TUNEL analyses identified elevated apoptotic cells in the MDC-treated tumors (Fig. 6E) . Taken together, our results proved the antitumoral efficacy of TGM2 inhibitor in eliminating CD44-high glioma cells.
Discussion
While GBM has a poor prognosis overall, molecular subsets of tumors exist with differential outcomes to initial treatment. Recent TCGA GBM molecular subtyping demonstrated that the mesenchymal GBM subtype appears to have worse prognosis compared with tumors with a proneural signature.
36 CD44 is a cell surface marker associated with tumor progression and treatment resistance in glioma. Phillips et al 37 showed that CD44 is a typical biomarker for mesenchymal-subtype glioma. Lottaz et al 38 divided 17 glioma stem cell lines into 2 groups, one expressing the "proneural" gene signature resembling normal fetal brain stem cells and the other expressing a mesenchymal gene signature including CD44, which is more similar to adult NSCs. 38 In breast cancer, transforming growth factor (TGF) -b has been shown to increase the CD44-high cell population enriched for cancer-initiating cells through the induction of an epithelial-mesenchymal transition. 39 Recently, Anido et al 25 revealed the regulatory role of TGF-b signaling in the maintenance of CD44
+ glioma stem cells. In this study, we found that TGM2 was highly expressed in CD44-high GBM and tumor-derived glioma-initiating cell lines. Knockdown of TGM2 expression suppressed cell proliferation and induced apoptosis. Importantly, we observed high TGM2 expression in CD44 + glioma stem cell populations, suggesting that TGM2 might be an important regulator for the maintenance of CD44 + glioma stem cells. As both TGM2 activity and expression were upregulated by TGF-b stimulation, 40 it is reasonable to propose that TGM2 might be part of TGF-b signaling to maintain CD44-high glioma-initiating cells in a proliferative state.
ID1 is an important basic helix-loop-helix transcriptional factor regulating the stem cell maintenance of embryonic stem cells and B1-type adult NSCs. 41, 42 Soroceanu et al 43 showed that ID1 expression levels positively correlate with glioma cell invasiveness in culture and with histopathologic grades in patient biopsies and that genetic knockdown of ID1 leads to a significant increase in survival in an orthotopic model of human GBM, suggesting that ID1 represents a novel and promising target for improving the therapy and outcome of GBM patients. Anido et al 25 also identified a cell population enriched for glioma stem cells that expresses high levels of CD44 and ID1. The inhibition of the TGF-b pathway decreased the CD44-high/ID1-high stem cell population through repression of ID1 levels, therefore inhibiting the capacity of cells to initiate tumors. 25 Our findings showed that TGM2 knockdown reduced ID1 expression, while constitutive TGM2 expression enhanced ID1 expression in glioma-initiating cells. Similarly, loss of TGM2 expression in sorted CD44
+ glioma stem cells reduced ID1 expression. Importantly, overexpression of ID1 restored the cell proliferation suppressed by TGM2 knockdown, suggesting that ID1 might be a downstream mediator for TGM2-regulated cell proliferation in CD44-high glioma-initiating cells. We also showed that TGM2 might regulate ID1 expression through activating the PI3K/Akt pathway, suggesting that the PI3K/Akt pathway could be an alternative target in order to suppress ID1-mediated cell proliferation in CD44-high glioma.
Various TGM2 inhibitors have been studied in experimental therapeutics on glioblastoma. 19, 35 These studies identify TGM2 inhibitors as a potential new class of agents to enhance chemotherapy in glioblastoma. Some more specific TGM2 inhibitors, such as ZM39923 and Tyrphostin 47, were discovered and may serve as valuable lead compounds for the development of orally active TGM2 inhibitors to treat human diseases. 44 In the present study, the finding that TGM2 regulated the cell proliferation of CD44-high glioma-initiating cells/ CD44 + glioma stem cells sparked our interest to test the effect of a TGM2 inhibitor on glioma models. Our results indicated that CD44-high glioma-initiating cell lines/ CD44
+ glioma stem cells were more sensitive to TGM2 inhibitor MDC treatment. Treatment with MDC suppresses cell proliferation and induces apoptosis in CD44-high glioma-initiating cell lines/CD44
+ glioma stem cells. The significance of these in vitro observations of inhibition on cell proliferation and induction of apoptosis in CD44-high glioma-initiating cell lines treated with TGM2 inhibitor were evaluated with an in vivo mouse model. Mice with s.c. xenografts treated with MDC compared with those treated with PBS showed significantly decreased tumor size. Furthermore, the benefits of TGM2 inhibitor treatment were confirmed in vivo, with more of the mice in the MDC groups surviving long-term than in the group that had received PBS. Treatment of animals bearing glioma xenografts with MDC also resulted in reduced CD44, ID1, and Ki67 positivity and induced apoptosis. These results identify TGM2 inhibitors as a new class of agents that may improve the treatment of CD44-high GBM.
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